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Studying glacier mass changes at regional scale provides critical insights into the impact
of climate change on glacierized regions, but is impractical using in situ estimates alone
due to logistical and human constraints. We present annual mass-balance time series
for 239 glaciers in the European Alps, using optical satellite images for the period of
2000 to 2016. Our approach, called the SLA-method, is based on the estimation of the
glacier snowline altitude (SLA) for each year combined with the geodetic mass balance
over the study period to derive the annual mass balance. In situ annual mass-balances
from 23 glaciers were used to validate our approach and underline its robustness
to generate annual mass-balance time series. Such temporally-resolved observations
provide a unique potential to investigate the behavior of glaciers in regions where
few or no data are available. At the European Alps scale, our geodetic estimate was
performed for 361 glaciers (75% of the glacierized area) and indicates a mean annual
mass loss of —0.74 4+ 0.20 m w.e. yr~' from 2000 to 2016. The spatial variability in
the average glacier mass loss is significantly correlated to three morpho-topographic
variables (mean glacier slope, median, and maximum altitudes), altogether explaining
36% of the observed variance. Comparing the mass losses from in situ and SLA-
method estimates and taking into account the glacier slope and maximum elevation,
we show that steeper glaciers and glaciers with higher maximum elevation experienced
less mass loss. Because steeper glaciers (>20°) are poorly represented by in situ
estimates, we suggest that region-wide extrapolation of field measurements could be
improved by including a morpho-topographic dependency. The analysis of the annual
mass changes with regard to a global atmospheric dataset (ERA5) showed that: (i)
extreme climate events are registered by all glaciers across the European Alps, and we
identified opposite weather regimes favorable or detrimental to the mass change; (i) the
interannual variability of glacier mass balances in the “central European Alps” is lower;
and (i) current strong imbalance of glaciers in the European Alps is likely mainly the
consequence of the multi-decadal increasing trend in atmospheric temperature, clearly
documented from ERAS5 data.
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INTRODUCTION

Beyond their role as an iconic symbol of climate change
(Mackintosh et al., 2017), mountain glaciers are considered as
a natural “climate-meter” (Vaughan et al, 2013) because of
their high sensitivity to climate change. Glaciers can be found
in ~26% of the main hydrological basins outside Greenland
and Antarctica (Huss and Hock, 2018) and about one-third of
Earth’s inhabitants directly or indirectly rely on glacier meltwater
(Beniston, 2003). Because of the rapid atmospheric warming,
which is amplified in mountainous regions (Pepin et al., 2015),
mountain glaciers are losing mass worldwide (Zemp et al., 2019),
thereby contributing to a third of the observed sea-level rise
(IPCC, 2019), with ice mass loss expected to peak from 2040
to 2100 depending on the considered climate scenario (Hock
et al,, 2019). The glacier-wide annual mass balance is considered
as the most comprehensive metric to assess changes in both
glacier mass and dynamics, and the interactions with climate.
Quantifying the annual mass balance of individual glaciers at
regional scale remains challenging today, especially using the
“logistically expensive” glaciological method from in situ data.
Recent remote sensing-based methods have taken advantage of
the variety of sensors, leading to regional estimates of glacier
mass balance on multi-decadal time scales using gravimetry
(e.g., Jacob et al, 2012; Wouters et al., 2019), multi-temporal
digital elevation models analysis (DEM, e.g., Willis et al., 2012;
Pieczonka and Bolch, 2015; Dussaillant et al., 2019; Menounos
et al,, 2019; Seehaus et al., 2020; Shean et al., 2020), altimetry
(e.g., Bolch et al., 2013; Gardner et al., 2013), or glacier length
change (Hoelzle et al., 2003; Leclercq et al,, 2014). However,
these methods fail to estimate the inter-annual variability of
the mass balance. Increasing the availability of annual mass
balance time series is therefore timely and highly relevant to gain
insights into the impact of climate variability at a regional scale,
better document the glacier contribution to the hydrological
functioning of glacierized watersheds, and constrain glacio-
hydrological models.

In this study, we propose an automation and a regional
application of the SLA-method based on the estimation of the
end-of-summer snowline altitude (SLA), a known proxy of the
equilibrium-line altitude (ELA) for glacier where superimposed
ice is negligible (Lliboutry, 1965), and whose position is
a predictor of annual mass change (e.g., Braithwaite, 1984;
Rabatel et al., 2005, 2017; Pelto, 2011; Chandrasekharan
et al., 2018). Regional application was so far limited due
to the absence of both automatic SLA delineation and
multi-decadal geodetic mass balance estimates (Rabatel et al.,
2017). The recent development of algorithms to automate
the processing of satellite images (e.g., Sirguey, 2009; Noh
and Howat, 2015; Shean et al, 2016; Beyer et al., 2018),
the increasing storage and computing capacities, and the
amount of free optical satellite data (e.g., Landsat, Sentinel-2,
ASTER) suitable to monitor glacier surface elevation changes
or snowline altitude have encouraged the development of
automatic methods enabling to overcome the above mentioned
limitations (e.g., Brun et al., 2017; Racoviteanu et al., 2019;
Rastner et al., 2019).

Despite their minor potential impact on the future expected
sea-level rise (Farinotti et al., 2019) and the relatively low ice
extent (2,092 km?, Randolph Glacier Inventory RGI 6.0, RGI
Consortium, 2017), we applied the SLA-method on the European
Alps for the period 2000-2016 because of the availability of a
high number of in situ monitored glaciers with annual mass
balance data (23 in this study), among which nine are considered
as reference glaciers by the World Glacier Monitoring Service
(WGMS, 2019, see Supplementary Table S3 for detailed list), and
manually delineated snowlines from 34 glaciers in our dataset
(Rabatel et al., 2013, 2016) suitable to validate our estimates.

Besides providing a new estimate of the mean European
Alps mass balance for the period from 2000 to 2016, we used
these data to: (i) propose and assess a new methodological
framework to derive the annual mass balance times series for
individual glaciers at regional scale from optical satellite data;
(i) investigate the spatial and temporal patterns of annual
mass changes across the European Alps; (iii) assess the possible
climatic and morpho-topographic drivers affecting the mass
balance variability at sub-regional scale; and (iv) determine the
representativeness of the glaciological annual mass balance data
gathered by the WGMS.

STUDY AREA

We define the European Alps as the region located between
the coordinates 44° to 48°N and 5° to 14°E. The European
Alps are the second most glacierized region of Europe after
Scandinavia (2,092 km? vs. 2,949 km? according to the RGI
6.0). Table 1 shows the number of glaciers within the European
Alps that have been used in the current study. We selected
361 glaciers considering the following criteria: (i) larger than
0.5 km? for the geodetic mass balance quantification using the
ASTER images archive according to Menounos et al. (2019); (ii)
a maximum elevation higher than 3100 m a.s.l. and a suitable
surface topography (e.g., excluding glaciers highly crevassed or
permanently shaded) to allow the detection of the snowline
for each year in order to quantify the annual mass balance
computation using the SLA-method. Among the 361 selected
glaciers, 239 glaciers were ultimately kept for the annual glacier
wide mass balance quantification using the SLA-method. The
other 122 were filtered out by our semi-automatic method to
derive the SLA (see section Reconstructing Annual Surface Mass
Balance Time Series From Optical Satellite Images). Glaciers for
which the annual mass-balance time series have been computed
are distributed over 10 sub-regions following a 1 x 1 degree
regular grid. Although arbitrary, this choice has been made for

TABLE 1 | Glacier datasets used in the present study, together with their
respective cumulative area and the corresponding fraction of the RGI 6.0.

Glacier dataset Glacier count (Nb) Area (km?) Fraction of the RGI 6.0 (%)

RGI 6.0 3,927 2,092 100
Geodetic 361 1,563 75
SLA-method 239 1,215 58
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practical reasons to be compatible with the climatic data used for
data interpretation.

DATA AND METHODS

In order to assess the glacier mass change over the 17 years of
the study period, we computed for every selected glacier both the
geodetic mass balance corresponding to a multi-decadal average
and the annual mass-balance time series from the SLA-method.

Reconstructing Multi-Decadal Mass

Balance From Digital Elevation Models

Over our study area, 7306 ASTER DEMs were generated using
the Ames Stereo Pipeline (Shean et al., 2016; Beyer et al., 2018).
DEMs are co-registered over stable terrain (excluding ice and
lakes) following the Nuth and Kddb (2011) approach and using
the Global DEM (GDEMvV2, Tachikawa et al., 2011) as a reference.
Following Berthier et al. (2016), for each 30 m pixel, a two-step
linear regression is fitted to the ASTER-derived DEMs to estimate
the temporal trend in elevation change (dh/dt). The overall dh/dt
for each considered individual glacier is derived using the RGI
6.0 outlines (RGI Consortium, 2017). These outlines are also
used to separate glacierized and ice-free terrain and to average
dh/dt for individual glaciers. Data gaps are filled using the local
hypsometric approach (McNabb et al., 2019).

In order to estimate the decadal glacier-wide mass balance,
surface elevation changes are converted into mass changes by
applying the volume-to-mass conversion of 850 + 60 kg.m™3
(Huss, 2013).

Although the ASTER geodetic mass balance method has its
limitations (mostly related to the spatial resolution of the DEMs),
it also has the prominent advantage to make possible regional
applications, as demonstrated by several recent studies (e.g., Brun
et al., 2017; Menounos et al., 2019; Dussaillant et al., 2019;
Shean et al., 2020). Far less glaciers are covered by existing high
resolution DEMs in the European Alps, and those are restricted
to specific time periods. Quality assessment of the ASTER method
in comparison with high resolution DEM-differencing has been
performed over the Mont-Blanc range by Berthier et al. (2016)
using SPOT5 and Pléiades DEMs, or for glaciers in British
Columbia by Menounos et al. (2019) using LIDAR DEMs. Both
studies concluded that there was an absence of bias using ASTER
and a very good agreement between the geodetic mass balances
quantified for individual glaciers down to 0.5 km? in area.

Reconstructing Annual Surface Mass
Balance Time Series From Optical
Satellite Images

The geodetic approach provides spatially-resolved mass balance
estimation over decadal time spans, but is currently unable
to resolve the annual fluctuations for mountain glaciers. To
derive the annual surface mass balance using the SLA-method,
the first step consists of estimating the SLA. Because of the
large number of glaciers considered in this study, we semi-
automatically identified the transient snowline altitude using

the algorithm detailed in Supplementary Material. We used
images of decametric resolution from optical satellite sensors
(i.e., LANDSAT 5, 7, 8, Sentinel-2, ASTER) and identified the
transient SLA using a band ratio NIR?/SWIR to enhance the
snow/ice contrast. The ASTER GDEM v2 was used to compute
the snowline altitude. To avoid side effects on the glacier (e.g.,
shadows from the surrounding rock faces, avalanche deposits),
transient SLAs were derived on a central part of the glacier.
For each image, the algorithm allows detection of the glacier’s
transient SLA as the steepest gradient in the surface band ratio
signature, corresponding to the local transition between ice and
snow. For each glacier and each year, we then considered the
highest transient SLA to be representative of the glacier’s annual
SLA. For a given glacier, when the time series of annual SLAs
contained gaps, for example those due to cloud cover or image
unavailability, we used the statistical linear approach of Lliboutry
(1974) for gap-filling. This approach takes into account inter-
annual (regional effect, according to neighboring glaciers from
the surrounding region) and spatial (site effect, according to
the average of each individual glacier) variability to reconstruct
missing annual SLAs values in the time series. Glaciers for which
the time series of annual SLAs contains more than 68.2% (1o) of
missing data were discarded leading to the number of 239 glaciers
monitored. To define the neighboring glaciers used in the gap-
filling approach, we followed the conclusion by Vincent et al.
(2017) and Pelto (2018) that showed that glaciers 100 km apart
have a significant common variance (75% in the European Alps
for surface mass balance data, Vincent et al., 2017). As the SLA
is a good proxy of the mass balance, we assumed that the same
relationship applies, with neighboring glaciers (100 km apart)
having coherent migration of the SLA from one year to another.

Using the SLA-method presented in Rabatel et al. (2005,
2008, 2016, 2017), the glacier-wide annual mass balance has been
reconstructed for the period from 2000 to 2016. In summary,
with this method, the cumulative mass loss of the glacier over the
study period (the average annual mass balance rate, M, in m w.e.
yr~!) is given by the geodetic method. On the other hand, the
annual glacier-wide mass change (M;, in m w.e.) for every year i
of the study period results from the difference between altitude of
the snowline at the end of the ablation season (SLA;, in m a.s.l.)
and the theoretical altitude of the equilibrium line if the glacier
had a balanced budget (glacier wide mass balance = 0) over the
study period (ELA¢g, in m a.s.l.), multiplied by the mass-balance
gradient (0b/0z) in the vicinity of the ELA.

Therefore, assuming that SLAs are approximations of ELAs,
ELA.q is computed as:

M

ab/az(l)’

1 n
ELA, = - ZI:(SLA,-) +
and M; is computed as:
ob
M; = (ELAqg — SLA) x —(2).
z
Regarding ob/0z, it may vary from one glacier to another due

to local influences on the meteorological conditions that govern
accumulation and ablation patterns, and also from one year
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to another considering any single glacier (e.g., Kuhn, 1984;
Mayo, 1984; Benn and Lehmkuhl, 2000; Rabatel et al., 2005).
For instance, on the basis of the three glaciers in the French
Alps, Rabatel et al. (2005) quantified a coefficient of variation
of the mass balance gradient of 30%. However, several studies
demonstrated that choosing a regional 6b/0z does not depreciate
the results and leads to similar results that individual glacier
0b/0z estimates (Rabatel et al., 2005, 2016; Chandrasekharan
et al., 2018). This underlines the low sensitivity of the SLA-
method to the ob/dz value, which allows using the SLA-
method on unmonitored glaciers and avoiding calibration. It is
noteworthy that Braithwaite (1984) already mentioned that the
value of what he called the “effective balance gradient” was not
the main source of error, but rather the value of the “balanced-
budget ELA” (called ELA,; in our case). We therefore selected a
mass-balance gradient of 0.0078 m w.e. m~! according to Rabatel
etal. (2005) and assumed its validity at the scale of the European
Alps, considering an uncertainty of £ 30% to take into account
its spatio-temporal variability.

Uncertainty in the Annual and Decadal

Retrieved Glacier-Wide Mass Balance

The uncertainty in multi-decadal geodetic mass balance of
individual glaciers is related to three independent sources: the
uncertainty in the glacier area, the uncertainty in dh/dt, and
the uncertainty in the volume-to-mass conversion factor. The
uncertainty in the rate of elevation change integrated over the
area of each glacier is estimated following Rolstad et al. (2009)
with a 500 m range spherical variogram (Menounos et al., 2019).
The standard deviation of dh/dt over stable terrain is computed
in 1 x 1 degree tiles and applied to glaciers in the corresponding
tile, with an average value of 0.5 m yr—!. The uncertainty in the
glacier surface area is conservatively defined as 5% for clean-ice
glaciers (Paul et al,, 2013), and the uncertainty in the volume-to-
mass conversion factor is estimated as & 60 kg m~3 (Huss, 2013).
We considered these uncertainties to be applicable on the very
few glaciers that have a covered glacier tongue in our sample. The
geodetic mass balance uncertainty is estimated for each glacier,
with a mean value of 4 0.16 m w.e. yr~!, ranging from =+ 0.06
to & 0.83 m w.e. yr~! for the 361 glaciers monitored with the
geodetic method.

The overall uncertainty in the retrieved annual mass change is
due to the propagation of the uncertainty of each variable used in
the calculation (Equations 1 and 2). It therefore corresponds to
the quadratic sum of:

e The uncertainty in the semi-automatically retrieved SLA,
equal to =+ 123 m. It takes into account: (i) the
DEM resolution and uncertainty; (ii) the pixel size and
resampling of the satellite images used for the detection;
(iii) uncertainties related to the detection method and
potential false detections caused by the presence of a
firn line, the presence of crevasses, undetected clouds or
changes of slope not mitigated by the algorithm; and (iv)
uncertainties related to the gap-filling approach. A full
description is presented in Supplementary Material.

e The uncertainty related to 0b/dz in the vicinity of the
ELA, considered as £ 30% of 0b/dz as suggested by
Rabatel et al. (2005).

e The uncertainty in the computed geodetic mass balance
presented above.

e The time difference between the image acquisition used to
estimate SLA, and the last day of the hydrological year.
Rabatel et al. (2016) estimated this uncertainty at £ 0.09
m w.e. yr~! in average on 30 glaciers in the French Alps for
a 30 years study period. This estimate made for glaciers in
the French Alps is assumed to be valid at the scale of the
European Alps.

The uncertainty in the computed annual mass balance of the
239 glaciers monitored with the SLA-method equals & 0.52 m
w.e. on average, ranging from =+ 0.49 to = 0.60 m w.e. depending
on the year and the glacier. It should be noted that the uncertainty
in the annual mass balance can be assumed to be higher for
small glaciers (because of a higher signal/noise ratio in the dh/dt
maps used for the geodetic mass balance) or for steep glaciers
(because of a higher uncertainty in the SLA estimate) or for
years with fewer images. If the first two sources are considered
in our uncertainty estimate, it is much more difficult for the third
point as it depends on the year considered and the meteorological
conditions during the summer seasons. Indeed, for a given year,
one single image might be available, but if recorded at the good
moment of the summer season, the SLA estimate will be accurate.
On the contrary, the retrieved SLA will likely be considered as
an outlier and be removed by the post-processing steps of the
workflow (see section 1.2.2.10 in Supplementary Material).

Finally, one must keep in mind that a good way to validate
the method is the comparison between the retrieved annual
mass balance time series with the ones quantified from field
measurements where such data are available (see below, section
Remotely-Sensed SLA and Annual Mass Balance Validation).

Climatological Data

In order to evaluate the role of climate forcing on the observed
glacier mass changes, we analyzed the climatic conditions during
the period from 1984 to 2016 using data from the ERA5
reanalysis (Copernicus Climate Change Service [C3S], 2017).
The reason for doubling the time window is to study the
climatic trends over a sufficient time span (conform to the
standard of 30 years). Direct links with the computed annual
mass balance were performed on the same period (2000-2016).
We used ERAS5, a global atmospheric reanalysis produced by
the European Centre for Medium-Range Weather Forecasts
(ECMWEF), at a horizontal resolution of 30 km and on 137
vertical levels, currently starting in 1979. Atmospheric reanalyses
accommodate conventional and satellite observations within the
physically consistent framework of a numerical prediction model.
ERAS is the state-of-the-art global reanalysis. In this study we
analyzed glacier-relevant variables from ERA5 such as 2 m air
temperature, precipitation, sea-level pressure, wind speed at 700
hPa, precipitable water, moisture, and heat transport. To analyze
predominant climatic factors on the computed annual mass
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FIGURE 1 | (A) lllustrates the comparison for filtered and gap-filled SLA on 34 glaciers in the western Alps (506 compared SLA). (B) lllustrates the comparison
between mass balances computed with the SLA-method vs. annual mass balances from the glaciological method on 23 glaciers (282 compared annual values).
Error bars are not shown in (A,B) for better readability; refer to the text for their ranges. In (C), the mean standardized interannual variability is represented for in situ
and SLA-method estimates for the 23 glaciers monitored in situ and detailed in Supplementary Table S3. For (A,B), the red line indicates a robust linear regression
with support for the M-estimators (Susanti et al., 2014), together with the 95% confidence interval, materialized by the gray lines. Heat-map style colors are an
indicator of the point density with one point representing one glacier and one year. For (A-C), statistics are displayed to assess the correlation between both

balance, we performed principal component analysis (Wilks,
2011) on these variables.

RESULTS

Remotely-Sensed SLA and Annual Mass

Balance Validation
Taking advantage of manually derived SLA for 34 glaciers in the
western Alps (Rabatel et al., 2013, 2016), we were able to validate

our semi-automatic estimates of SLA (displayed Figure 1A,
further assessments in Supplementary Material). Overall, our
estimates are largely able to reproduce manual estimations of the
annual glacier SLA (r*> = 0.41 for 506 compared SLA, significant
at the 1% risk level), with a mean observed bias of + 35 m.
Despite the filtering and gap-filling post-treatment, discrepancies
persist (RMSE = 144 m). Those discrepancies can arise from
the date differences between both estimates, the different SLA
detection zone (central part of the glacier vs. full glacier width for
the manual estimates), or errors inherent to the SLA detection.
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Our estimated uncertainty in the semi-automatically derived SLA
(& 123 m), although slightly smaller than the computed RMSE,
accounts for these sources of errors when estimating the annual
SLA and the associated annual mass balance.

Using the SLA-method, we reconstructed glacier-wide annual
mass balance time series for the period from 2000 to 2016. The
European Alps being one of the most monitored glacierized
regions worldwide, we were able to validate our estimates by
comparing to 23 glacier-wide annual mass balance time series
estimated with the glaciological method (full list and time
series length are presented in Supplementary Table S3). As
displayed in Figure 1B, annual mass balance from the SLA-
method and from in situ data are in general agreement, with
33% of common variance, no observed mean bias, and a RMSE
(0.6 m w.e. yr—1) slightly larger than the uncertainty for SLA-
method mass balances (& 0.52 m w.e. yr~! in average). There
is an underestimation for highly negative annual mass balances
(and to a lesser extent for very positive ones), resulting in the
slope of the linear regression being equal to 0.4 rather than 1.
In Figure 1C, we compare the standardized glacier-wide annual
mass-balance time series (average of the 23 glaciers monitored
in situ) quantified from in situ and SLA-method estimates.
Standardized values are calculated as described by Equation S4
in Supplementary Material replacing SLA by mass balance. One
can note the overall good agreement between the two-time series
in terms of interannual variability (r? = 0.45), except between
2004 and 2008. There are several possible explanations for the
remaining discrepancies:

e Errors in SLA estimation,

e Lack of representativeness of the computed glacier-wide
mass-balances from sparse in situ data,

e Difference of glacier extent used to compute the glacier-
wide mass balance in the two methods,

e Errors and/or difference between geodetic estimates used to
constrain glacier-wide annual mass balance.

Indeed, when comparing manually delineated and semi-
automatically derived SLA (Figure 1A and section 1.3.1 and 1.3.2
in Supplementary Material), the algorithm fails to reproduce
extremely high or sometimes very low SLA due to the position
of the SLA itself, either too close to the glacier head or snout.
Therefore, retrieved mass balances from the SLA method do not
capture extreme years (mainly the most negative ones) as well as
others, explaining part of the observed discrepancy. Furthermore,
most of the SLA estimates between 2003 and 2008 were based
on Landsat 7 images, for which the Scan Line Corrector (SLC)
failed in May 2003, resulting in stripped images and thus reducing
drastically the number of usable images to detect the SLA. On
the other hand, glacier-wide estimates from in situ data using the
glaciological method are dependent on the point measurements
distribution on the glacier (often biased toward the ablation
area due to access facilities), on the interpolation method, and
on glacier area changes during the monitored period (e.g.,
Thibert et al., 2008). Geodetic calibrations can reduce the related
errors when photogrammetry acquisitions are performed (Zemp
et al., 2013). In addition, in situ glacier wide mass balances can

show surprising values, such as exhibited by the north-facing
Corbassiére Glacier in 2006, with a measured annual surface mass
balance of —3.56 m w.e. and a corresponding ELA at 3,875 m
a.s.l., which is more than 450 m above the uppermost manually
delineated SLA from neighboring French glaciers for the period
1984-2010 (Rabatel et al., 2013). Such negative surface mass
balance values from in situ measurements are questionable and
can be a potential source of discrepancy with the SLA-method
estimates. Finally, the dissimilar glacier surface areas considered
in the two methods could explain part of the differences. Indeed,
glacier surface areas used for the SLA and geodetic methods
correspond mostly to glacier outlines delineated around 2003 in
the European Alps (RGI Consortium, 2017), while the year of
delineation used in the glaciological method varies from glacier
to glacier and can depend on local inventories. Applying the same
methodology than we used to derive geodetic mass balance for
the Andean glaciers over a similar time period, Dussaillant et al.
(2019) estimated that considering a single or multiple inventories
could lead to a difference of mass balance rate up to 10% for
individual fast retreating glaciers, but of only a few% for glacier
larger than 3 km? (see section 7 of Supplementary Information
of their paper).

Despite the observed discrepancies, the annual mass balances
computed from the SLA-method are able to reproduce the
monitored surface mass balance from in situ measurements
together with the interannual variability (Figures 1B,C).
Therefore, this justifies the application of the SLA-method at a
regional scale, and underlines the ability of the method to: (i)
reconstruct the annual mass-balance time series; (ii) investigate
the behavior of the glaciers for the different regions; and (iii)
observe the annual variability for inaccessible glaciers.

Regional Mass Balance Over the
European Alps

Multi-decadal mass balances and annual mass-balance time
series averaged by sub-regions are presented in Figures 2, 3,
respectively. According to Figure 2, the sub-region #4 (Eastern
Berner and Urner ranges) experienced the strongest mass loss
between 2000 and 2016, with an average of —0.90 £ 0.20 m w.e.
yr~ L. On the other hand, the sub-region #1 (North of Otztaler,
Stubai, and Zillertal ranges) experienced the least negative mass
balance, with —0.54 + 0.28 m w.e. yr—! on average. The length
of the ASTER images archive gives the opportunity to divide the
study period (2000-2016) into two sub-periods (2000-2009 and
2009-2016), as was done in the study by Menounos et al. (2019)
and Dussaillant et al. (2019), although no contrasted pattern
was observed between the two. The multi-decadal mass balance
for the European Alps over the period from 2000 to 2016 is
—0.74 £ 0.20 m w.e. yr~ !, corresponding to an average annual
loss of —1.54 £ 0.38 Gt. Over the same period, Zemp et al. (2019)
computed a region-wide mass balance of —0.83 £ 0.07 m w.e.
yr~! for glaciers of the European Alps. Our estimate is lower
even if the values are not statistically different considering the
uncertainties. Because Zemp et al. (2019) computed their region-
wide mass balance by combining the temporal variability from
in situ measurements with geodetic estimates different from ours,
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the discrepancy with our region-wide mass balance is therefore
also related to the used methods and data.

Regarding the interannual variability of the annual mass-
balance time series, contrasted patterns can be observed from
one region to another, as displayed in Figure 3. The easternmost
and westernmost sub-regions (respectively, sub-regions #2 and
#3, #8, #9, #10) show a high temporal variability from one year to
another. For the central part of the European Alps (sub-regions
#1, #4, #5, #6 and #7), the interannual variability in the computed
mass balance is less pronounced from 2003 to 2012, experiencing
almost constant mass balance (between —0.5 and —1 m w.e.
yr~ !, function of the sub-region). Peculiar events can be observed
across the entire range, during 2001-2002 and 2013-2014 for
low losses and 2003 and 2004 for high losses years. These results
are discussed in relation to the variability of climatic variables in
section Analysis of Climatic Drivers below.

Glacier Morpho-Topographic Features,
One of the Multi-Decadal Mass Balance

Drivers?

Previous studies showed that multi-decadal mass balances of
individual glaciers can be related to glacier morpho-topography
(e.g., Paul and Haeberli, 2008; Rabatel et al., 2013, 2016; Fischer
et al, 2015; Brun et al., 2019). In addition, according to Vincent
(2002); Abermann et al. (2011), or Huss (2012), differences in
specific mass balance between neighboring glaciers can often be
controlled more by glacier morpho-topography than by climate
variability, and observed mass balance response to similar climate

forcing can largely differ from one glacier to another (e.g., factor
of four in terms of cumulative mass losses between Silvretta
and Sarennes glacier, Vincent et al., 2017). However, assessing
the impact of glacier morpho-topography on the average glacier
mass balance is challenging due to the limited number of
in situ measurements, which are not necessarily representative
of the diversity of glaciers within the same region (Gardner
et al., 2013). Therefore, geodetic estimates of multi-decadal mass
changes for individual glaciers at regional scale provide a lever to
investigate the impact of glacier geometry on the decadal mass
balance variability from one glacier to another. We tested the
relationship between the geodetic multi-decadal mass balance
for 361 glaciers for the period from 2000 to 2016, and several
glacier morpho-topographic features (i.e., mean glacier slope,
minimum, median and maximum altitude, aspect, and area,
displayed in Figure 4).

We computed the mean glacier slope on purpose rather than
the largely used glacier tongue slope to also take into account
accumulation basin geometries. Out of the six features studied,
three can be significantly correlated to the multi-decadal mass
balance (with a statistical confidence level > 95% according to
a Student’s t-test): the median altitude (+> = 0.24), the mean
glacier slope (r* = 0.19), and the maximum altitude (r* = 0.12).
Using a least absolute shrinkage and selection operator (LASSO)
regression analysis, the slope and the median altitude, being the
dominant terms, explain 36% of the variance of the observed
geodetic multi-decadal mass balance. Adding other variables
(area, maximum and minimum altitude, and mean aspect)
only raises the explained variance to 39%, which shows their
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FIGURE 3 | Mean annual mass balance time series (in m w.e.) for each of the
ten studied sub-regions (defined in Figure 2). The gray shade illustrates the
annual dispersion of the mass balance estimates for individual glaciers in the
sub-region, computed using the standard deviation at 1. The number of
glaciers (n) is given on the top-left corner of each subplot. The red histograms
present the statistical distribution of annual mass balances as a function of its
value, in m w.e.

relatively low control on the multi-decadal mass balance at
regional scale. This result strengthens previous analyses made
in the European Alps (e.g., Huss, 2012; Fischer et al., 2015;
Rabatel et al., 2016) and in other mountain regions (e.g., Brun
et al, 2019), even if we did not find a significant statistical
correlation between the glacier area and the multi-decadal mass
balance as in previous work (Paul and Haeberli, 2008; Huss,
2012). This difference could rest on the absence of small glaciers
(<0.5 km?) in our dataset.

It is finally worth noting that correlations are positive for
the three significantly correlated morpho-topographic variables,

suggesting that steep and high glaciers with a high accumulation
basin experience the least negative multi-decadal mass balances.

DISCUSSION

Analysis of Climatic Drivers

Spatio-Temporal Variability of the Annual
Glacier-Wide Mass Balance Time Series

Rabatel et al. (2013) analyzed the spatio-temporal variability
of the ELA in the western Alps using a 25 years time series
for 43 glaciers and concluded that the temporal variability of
the reconstructed time series is mainly related to the climatic
drivers, and the morpho-topographic factors mostly control the
average ELA over the study period. Following these statements
and assuming they apply to the annual glacier-wide mass balance,
we analyzed the spatio-temporal variability of the reconstructed
annual mass-balance time series considering different climatic
variables commonly used in multiple regression studies on glacier
mass balance (e.g., Hoinkes, 1968; Martin, 1974; Braithwaite and
Zhang, 2000; Bolibar et al., 2020). As such, for each sub-region
(I x 1 degree grid cell), we computed from ERA5 data: the
summer average of the 2 m air temperature (T2ms) and sea-level
pressure (SLPs), the zonal and meridian temperature advection
(Tus and Tvs), the winter average of precipitation (Pw) and
sea level pressure (SLPw), the precipitable water over the entire
atmospheric column (Pwatw), and the zonal and meridional
humidity advection (Quw and Qvw). We then performed, for
each sub-region, a LASSO regression analysis between these
climatic variables and the median annual mass-balance time
series over the 2000 to 2016 period. For each sub-region, a
maximum of three variables explaining most of the observed
variance are identified and reported in Table 2. It is worth
noting that this statistical analysis is conducted over a 17 years
time period, which is rather short from a climate point of view.
Therefore, the interpretation of the results has to be considered
with caution and as a preliminary study of the relationship
between the mass balance and climate inter-annual variability at
the European Alps scale.

Interestingly, from the LASSO analysis, the two groups of
sub-regions identified from the annual mass-balance time series
also emerge. For the sub-regions #1, #5, #6, and #7, the only
climatic variable statistically significant and explaining more
than 30% of the observed inter-annual mass balance variance is
the precipitable water during winter, which is largely impacted
by the winter air temperature (maximum water content in
humid air depending on temperature). This is in agreement with
observations made for glaciers in these regions (i.e., Austrian
Alps, Abermann et al.,, 2011) suggesting that glaciers in this area
could be maintained because of “above-average accumulation.”

Sub-regions #3, #4, #9, and #10 have the same first
explicative variable (Quw, except for #3 and #8 where it
is second), corresponding to eastward advection of humidity
and seems also highly impacted by summer air temperature
and summer meteorological conditions (Tvs, SLPs, and T2ms),
mainly dominated by southward fluxes. These sub-regions
are all in the western European Alps and could therefore
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FIGURE 4 | Geodetic multi-decadal average mass balance for the period from 2000 to 2016 as a function of six morpho-topographic variables. A correlation
coefficient is provided for each of the variables. A regression has been computed following a robust linear model with support for the M-estimators (Susanti et al.,
2014), and is represented by a red line, excepted for the glacier aspect, for which a linear regression was not relevant.

TABLE 2 | Results from multi-linear LASSO regression analysis in between the median annual mass balance and nine climatic variables from ERA5 for each sub-region

of the study area.

Region rlps r?y T2mg Pw SLPs SLP,, Pwat,, Tus Tvs Quy, Qv
#1 0.36 - [ ]

#2 0.41 0.38

#3 0.45 0.33 -

#4 0.53 0.44 . [
#5 0.37 -

#6 0.37 -

#7 0.31 -

#8 0.68 0.41 I

#9 0.52 0.33 [

#10 0.52 0.38 -

P p3 displays the correlation coefficient with the computed inter-annual mass balance considering the most explanatory climatic variables (three as a maximum), and r°p,
the correlation coefficient of the most explanatory variable. Scores displayed are significant (error risk < 5%) according to a Student’s t-test. The explanatory variables are
colored according to their significance, with red the most significant, salmon the second, and blue the third.

experience similar meteorological forcing during zonal or
meridian meteorological events.

Sub-region #2 seems to be highly impacted by summer
meteorological conditions and could not be assimilated to any
other sub-region. Contrary to sub-region #3, #2 does not seem
impacted by temperature or humidity advection and is too
distant from #3 to be grouped with, despite their common
high dependence to summer air temperature. Finally, the sub-
region #8 is dominated by summer meteorological conditions,
winter eastward humidity advection, and precipitable water. The
predominating drivers and observed inter-annual mass balances
are not identical from the surrounding regions despite their
close geographical distances, and our analysis does not allow
concluding on the reasons for this peculiar behavior.

Surprisingly, winter precipitation is not identified as an
explanatory variable for any of the monitored regions. One
hypothesis could rest on the poor capacity of ERAS5 to spatialize
precipitation regarding the relatively low resolution of the used
DEM (ie., 30 km), particularly important in mountainous
terrain. Precipitable water is often considered as a more accurate
variable as it does not provide a spatial estimation of precipitation
but rather a budget of precipitable water.

Climatic Patterns for Extreme Years

Our results also allow analyzing peculiar years such as the
most/least negative one (Figure 5A) and relate them to climate
forcings. On a year to year basis, the regional mass-balance
variability during high loss years is dominated by a pattern
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FIGURE 5 | Time series of the normalized first principal component of annual regional mass balances (A), composite of annual regional mass balances during high
loss years (B), 700 hPa composites during high and low loss years (red and blue arrows) in winter (C) and summer (D).

which is common to the entire Alpine range (80% of variance
explained, Figure 5B). This uniformity was already observed
when comparing annual mass balance between each of the
ten sub-regions for certain years (Figure 3, section Regional
Mass Balance Over the European Alps). We used a principal
component analysis to define years of high loss (PC1 < 0/2:
2003, 2004, 2009, 2011) and years of low loss (i.e., positive
anomalies, PC1 > ¢/2: 2001, 2002, 2013, 2014). The composites
of the 700 hPa wind anomalies yield approximately opposite in
either case and between winter and summer. During low loss
years, the main atmospheric flow is westerly in winter, advecting
moist air from the Atlantic (blue arrows, Figure 5C). Conversely,
the easterly flow during high loss years is less favorable to
precipitation with potentially colder and drier climate conditions.
The composites of 500 hPa geopotential height for low and high
mass loss years correspond to the positive and negative phases
of the North Atlantic Oscillation in the winter weather regime
classification of Cassou et al. (2004). In summer, the wind is
easterly during low mass loss years and westerly during high
mass loss years (blue arrows in Figure 5D). The associated 500
hPa fields match the “Blocking” and “Atlantic low” patterns,
respectively (Cassou et al., 2005).

The second principal component opposes East to West in
terms of interannual mass-balance patterns, with the boundary

falling between regions #3 and #4. This pattern could also
be observed visually on Figure 3, with regions #1, #5, #6,
and #7 experiencing sustained mass losses from 2003 to 2012,
while Western regions experience more interannual variability.
However, the second principal component accounts for only 7%
of the variance and could not be related to a straightforward
atmospheric mechanism.

Attribution of Today’s Glaciers’ Mass Loss in the
European Alps

According to the ERA5 reanalysis, summer temperature
shows an overall increase over the entire region, ranging
from + 0.4 to + 0.8K from 1984 to 2016 (significant at the
5% level). For winter precipitation, changes are not statistically
significant. Interestingly, the 2000-2016 period we studied here
is characterized by important glacier mass losses in the European
Alps (—0.74 4+ 0.20 m w.e. yr~! in average from our findings)
which can be mainly attributed to high melting compared with
the period from 1960 to 1990, when glaciers experienced very
limited mass losses (e.g., Beniston et al, 2018; Zemp et al,
2019). Considering Braithwaite and Zhang’s (2000) findings that
showed a sensitivity of glacier wide mass balance of —0.77 m
w.e.a~1°C~! for five glaciers in the Swiss Alps, we can state that
the strong glacier imbalance currently experienced by glaciers in
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FIGURE 6 | Cumulative mass balance of glaciers from the European Alps vs.
their mean slopes. The dashed lines represent the median cumulative mass
balance of 23 glaciers obtained from in situ data (gray) and with SLA-method
(black). The curves 1, 2, 3, and 4 correspond to the cumulative mass balance
of glaciers sorted into quartiles on the basis of their mean slope. Each class
has the same number of glaciers but corresponds to a peculiar total glacier
area. The classes’ glacier area of our subset and the corresponding glacier
area for the entire European Alps (EA) are displayed in the inset table.

the European Alps is likely mainly the result of the atmospheric
temperature increase that can be observed in the ERA5 data.

Representativeness of in situ Monitored
Mass Change

Historically, glacier-wide mass change was monitored in situ and
glaciers have often been chosen because of their access, their
morpho-topographic features enabling their instrumentation,
or for political and historical reasons (Kaser et al, 2003).
The “ideal” glacier for mass balance investigation does not
represent the global glacier diversity, which may lead to biases
if such a glacier is considered as representative of the regional
scale glacier behavior. Indeed, negative biases have already
been observed when comparing region-wide mass balance
estimations using laser altimetry to interpolations of sparse
glaciological measurements (Gardner et al, 2013). Recently
developed geodetic methods help overcoming this issue of
representativeness due to higher temporal and spatial resolutions
of the computed mass balances (e.g., Menounos et al., 2019;
Zemp et al., 2019).

To see whether the in situ monitored glaciers in the European
Alps are representative of the regional behavior, we analyzed the
cumulative mass balance of the 239 glaciers in the European Alps
for which annual mass-balance time series have been computed,
as a function of the glacier morpho-topographic features, such as
mean glacier slope, median and maximum altitude (significantly
correlated to the average glacier wide mass balance, see section
Glacier Morpho-Topographic Features, one of the Multi-Decadal
Mass Balance Drivers?). Figure 6 illustrates the cumulative mass
balance from 239 glaciers computed from the SLA-method
divided into glacier slope quartiles, and the average of the 23 mass
balance time series obtained with the in situ glaciological method.

As described in section Remotely-Sensed SLA and Annual
Mass Balance Validation, annual mass changes computed with
the SLA-method slightly underestimates extremely high and low
mass balance values (e.g., a year with positive mass balance in
the studied period and 2003, a very low mass balance year in the
European Alps). As illustrated in Figure 6, our study period has
both positive and negative extremes in the first four years, and the
cumulative mass balance quantified from in situ measurements
is poorly reproduced by SLA-method for those years. For the
rest of the time period, the cumulative mass balance of the SLA-
method is able to match the in situ monitored cumulative mass
balance. The mean slope of the in situ monitored glaciers (16°
ranging from 11.6 to 21.6°) falls into classes 1 and 2 (slopes
gentler than 20.5°), and Figure 6 (+ the inset Table herein) shows
that the median of the 23 in situ mass balance time series is in
agreement with the SLA-method mass balance for glaciers having
a similar mean slope. As shown in Figure 4, the gentler the
glacier slope, the higher the overall mass loss. This relationship
has already been observed, either sporadically on small sets of
glaciers (e.g., Huss, 2012; Rabatel et al., 2016), or at a larger scale
(e.g., Fischer et al., 2015; Brun et al., 2019). From Figure 6, we
can also note that the in situ mass-balance time series fails to
represent glaciers from classes 3 and 4 (slope greater than 20.5°),
yet these classes account for 45% of the glacierized area of the
European Alps. We therefore suggest that in situ mass-balance
time series may convey a negatively biased picture of the regional
behavior because they under-sample steep glaciers, representing
almost half of the glacier coverage in the European Alps.

A similar analysis has been conducted using the glacier
median altitude (instead of classes of glacier slope), but the
only noteworthy class (with a median altitude greater than
3,207 m a.sl. vs. 3,103 m a.s.l. in average for in situ monitored
glaciers, Supplementary Figure S9) concerns about 20% of
the total European Alps glacierized area, and glaciers from
the glaciological sample are spanning over the four defined
classes, not permitting to conclude on significant relationships
or mis-representativeness of the glaciological sample. When
dividing our glacier sample into classes of maximum altitude,
glaciers with higher maximum elevations seem to experience
less negative mass balances (see Supplementary Figure S10).
It is important to highlight that SLAs are rarely observable
at the end of the melt season during high loss years for
glaciers with low maximum elevations (<3,100 m a.s.l.). These
glaciers were therefore discarded in our study, and our subset
is not representative of the total European Alps population
(12% in our subset vs. 46% for the entire European Alps,
in terms of corresponding area for glaciers with maximum
altitude < 3,471 m a.s.l.).

From these analyses and in line with the results presented
in section Glacier Morpho-Topographic Features, One of
the Multi-Decadal Mass Balance Drivers?, we can mention
that glaciers with steep slopes and high maximum elevation
experienced lower mass loss over the study period. Possible
interpretations are that the mean slope and the mass
transfer are related, with steeper glaciers having faster
dynamics and, that glaciers with higher accumulation areas
(i.e,, still having a wide accumulation zone) have lower
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mass balance sensitivity. This hypothesis would imply that
steeper glaciers with wide accumulation area faster reach
a balanced-state with less negative mass balances while
glaciers with low slope remain imbalanced for a longer time,
experiencing more negative mass balances to adapt to changing
climatic conditions (corroborated by e.g., Brun et al, 2019;
Zekollari et al., 2020).

CONCLUSION

We quantified a spatially resolved estimate of individual annual
mass-balance time series for 239 glaciers in the European Alps,
using both geodetic and snowline altitude estimates for the period
from 2000 to 2016. Benefiting from in situ mass changes data
from 23 glaciers, we were able to validate our approach, which is
based on the SLA-method to quantify the annual mass balance of
individual glaciers at regional scale. The observed discrepancies
with in situ estimates are attributable to both the uncertainties
and limitations in the semi-automatic SLA algorithm (e.g.,
underestimation of very negative mass balance years) and to
glacier-wide estimates from in situ surface mass balance.

Geodetic estimates of long-term mass changes were used to
analyze the impact of glacier morpho-topographic features on
the mass changes. Three morpho-topographic variables - mean
glacier slope, median, and maximum altitude — appear to explain
19, 24, and 12%, respectively, of the observed variance of the
long-term mass changes. An analysis of the cumulative mass
balance from in situ and SLA-method estimates suggests that
steeper and higher glaciers experienced reduced mass losses. Our
analysis suggests that the mass balance time series from glaciers
with in situ measurements are not fully representative of the
regional behavior of glaciers in the European Alps. Indeed, these
glaciers belong to the “gentle slope glaciers” (<20°), and half of
the glaciers in the European Alps with higher slope experienced
a lower cumulative mass loss. Nonetheless, in situ measurements
still provide essential data (particularly point measurements) for
the comprehension and modeling of surface processes and glacier
response to climate forcing at fine spatial and temporal scales.
They are also essential to validate mass change estimates from
different remote-sensing methods.

The broad coverage of the Alpine region allowed our
mass change estimates to be analyzed in relation with a
global atmospheric dataset, namely the ERAS5 reanalysis.
The yearly resolution of the mass balance time series
allowed the identification of two opposite weather regimes
favorable or detrimental to the mass balance depending on the
time of the year.

Finally, this study proposes a new methodological framework
to quantify the long-term trends and the annual mass-balance
time series of individual glaciers at regional scale from optical
satellite remote sensing only. It also shows an example of data
combination to assess climatic causes of observed regional mass
changes. The satisfactory results we obtained should encourage
applying this framework to other glacierized regions, for example,
on hardly accessible glaciers and in regions with few or no
available annual mass-balance time series.
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